Plectin is a widely expressed high molecular weight protein that is involved in cytoskeleton-membrane attachment in epithelial cells, muscle, and other tissues. The human autosomal recessive disorder epidermolysis bullosa with muscular dystrophy (MD-EBS) shows epidermal blister formation at the level of the hemidesmosome and is associated with a myopathy of unknown etiology. Here, plectin was found to be absent in skin and cultured keratinocytes from an MD-EBS patient by immunofluorescence and immunoprecipitation, suggesting that plectin is a candidate gene/protein system for MD-EBS mutation. The 14800-bp human plectin cDNA was cloned and sequenced. The predicted 518-kD polypeptide has homology to the actin-binding domain of the dystrophin family at the amino terminus, a central rod domain, and homology to the intermediate filament-associated protein desmoplakin at the carboxyl terminus. The corresponding human gene (PLECl), consisting of 33 exons spanning >26 kb of genomic DNA was cloned, sequenced, and mapped to chromosomal band 8q24. Homozygosity by descent was observed in the consanguineous MD-EBS family with intragenic plectin polymorphisms. Direct sequencing of PCR-amplified plectin cDNA from the patient's keratinocytes revealed a homozygous 8-bp deletion in exon 32 causing a frameshift and a premature termination codon 42 bp downstream. The clinically unaffected parents of the proband were found to be heterozygous carriers of the mutation. These results establish the molecular basis of MD-EBS in this family and clearly demonstrate the important structural role for plectin in cytoskeleton-membrane adherence in both skin and muscle.
identified five major components of the hemidesmo some, consisting of polypeptides with molecular masses of 500, 230, 200, 180 , and 120 kD and designated HDl-HD5, respectively (Hieda et al. 1992 ). HD2 and HD4 are now known to be identical to the 230-kD bullous pem phigoid antigen (BP230) (Sawamura et al. 1991 ) and the 180-kD bullous pemphigoid antigen/type XVII collagen (BP180) (Li et al. 1993) , respectively. HD3 and HD5 cor respond to the p4 and a6 subunits of a6p4 integrin (Stepp et al. 1990; . HDl has been studied extensively at the biochemical level (Hieda et al. 1992) and has been shown to localize to the cytoplasmic side of the hemidesmosome, in a distribution slightly above, yet almost indistinguishable from, BP230 at the level of the cytoplasmic periphery of the hemidesmosome inner plaque.
HDl was first described as a 500-kD component of the hemidesmosome (Owaribe et al. 1991) and later as the 466-kD autoantigen in an autoimmune blistering disor der (Fujiwara et al. 1992 ). An exceptionally large (466-481 kD) intermediate filament-binding protein^ plectin, was recently cloned from rat C-6 glioma cells (Wiche et al. 1991) . The plectin sequence has similarities to both desmoplakin and the 230-kD bullous pemphigoid anti gen, and has a wide tissue distribution, including the sarcolemma in the muscle (Errante et al. 1994) . Plectin is reported to have a number of binding affinities for inter mediate filament proteins, including vimentin, glial fibrillary acidic protein, neurofilament proteins, kera tins, and lamin B (Seifert et al. 1992; Errante et al. 1994 ). Although plectin is widely expressed, its precise cyto plasmic localization appears to depend on both cell type and the antibody used. It can appear diffused throughout the cell as a cytoplasmic component, or in a restricted distribution as a focal adhesion protein (Seifert et al. 1992; Wiche et al. 1993) . It is possible that plectin and HDI may be the same protein because of their similar molecular weight (Owaribe et al. 1991; Wiche et al. 1991) and colocalization in hemidesmosomes (Nagle et al. 1995; R.A.J. Eady, unpubl.) .
Epidermolysis bullosa (EB) is a group of inherited mechanobullous disorders of the epithelial basement membrane zone that manifest with blistering of the skin and mucous membranes. On the basis of the level of cleavage of the skin leading to blister formation, EB has been divided into three broad categories (Fine et al. 1991; Lin and Carter 1992) . The simplex forms of EB are those in which blisters develop intraepidermally at the level of the basal keratinocytes, above the basement membrane. Junctional forms of EB are those in which blisters form within the basement membrane. The term dystrophic EB is used to describe forms of the disease in which blisters form beneath the basement membrane.
The molecular basis of several major forms of EB has been elucidated in recent years. The classic dominantly inherited forms of EB simplex are now known to result from mutations in the keratin 5 and 14 genes (Epstein 1992; Fuchs 1992; McLean and Lane 1995) . The prototypic forms of lethal (Flerlitz) junctional EB result from mutations in each of the three chains of laminin 5 Christiano and Uitto 1996a) . Finally, all forms of both dominantly and recessively inherited dys trophic EB result from mutations in the type VII collagen gene (Uitto and Christiano 1992; Christiano and Uitto I996a,b) . Although the molecular basis of many of the classic forms of EB are now well understood, a small group of patients exhibit the formation of blisters in the region of the hemidesmosome, the ultrastructural clas sification and clinical severity of which have been re ferred to as "pseudojunctional" (Fine et al. 1991; Lin and Carter 1992) .
Ultrastructural classification of EB has identified at least three groups of patients with EB whose blisters form at the level of the hemidesmosome and whose clin ical phenotype is unlike any of the classic forms of EB. These include generalized atrophic benign EB (GABEB) (Hintner and Wolff 1982) , EB with pyloric atresia (EB-PA) (Lestringant at al. 1992) , and EB with muscular dys trophy (MD-EBS) (Niemi et al. 1988; Fine et al. 1989; Kletter at al. 1989) . We have recently identified muta tions in two of the hemidesmosome structural proteins in patients with these forms of EB. Following initial im munofluorescence analysis (Jonkman et al. 1995) , we re cently established that GABEB results from mutations in the BP180/COL17A1 gene in two unrelated families (McGrath et al. , 1996 . Similarly, absence of ^4 integrin (Gil et al. 1994) led to the discovery of mutations in the (34 integrin gene (ITGB4) in a patient with EB-PA (Vidal et al. 1995) . Although any of the other compo nents of the hemidesmosome could serve as equally likely candidates for mutations in the MD-EBS group of patients, a recent report of a knockout mouse for BP230 (Guo et al. 1995) and the finding that the dt mouse mu tation is in the analogous murine gene for BP230 1995) have provided further insight into the functional role of the hemidesmosome inner plaque.
In this study we report cloning of human plectin cDNA and genomic sequences, and chromosomal map ping of the corresponding gene, PLECl. We also demon strate a homozygous 8-bp deletion in a patient with MD-EBS, thus providing an explanation for the combined phenotypic manifestations of skin fragility and muscular dystrophy.
Results

MD-EBS phenotype: neonatal skin blistering with late-onset MD
The proband is a 24-year old Hispanic male, who is the elder of two children of parents that are first cousins (Fig.  1 ). There is no prior history of skin fragility disorders or muscular dystrophy in the family. The proband was de livered after an uneventful pregnancy but developed blis ters on the feet, back, thighs, and face at the age of 10 days, which continued to recur in sites of mechanical trauma. The blisters heal with atrophic scarring, and he has nail dystrophy and dental abnormalities (Fig. 1) . Elec tron microscopy revealed poorly formed hemidesmo somes along the roof of the blister, with a portion of the hemidesmosome remaining attached to the base of the blister (Fig. 2) . Tonofilaments within the basal cells were found to make no contact with these rudimentary hemidesmosomes, indicating that a failure of keratinhemidesmosome attachment might be the cause of skin fragility in this MD-EBS patient.
The proband's developmental milestones were normal until the tenth year of life, when his parents noticed that he was tiring easily, in that stair climbing became diffi cult and he stopped running. His upper limbs soon be came involved and combing his hair was not possible. An electromyograph revealed a long-standing neuromus cular disease, and a muscle biopsy revealed that the mus cle fibers had group atrophy. He was diagnosed with a form of spinal muscular atrophy and by age 13 was per manently confined to a wheelchair. He has normal in telligence, has graduated from high school, and takes col lege courses. The clinical course of the proband in this study consists of EB presenting in infancy with a lateonset severe muscular degeneration.
Plectin and HDl expression is absent in MD-EBS skin and cultured keratinocytes
Because electron microscopy had indicated a possible de fect in keratin-hemidesmosome mteraction, the expres sion of hemidesmosomal components was examined by immunofluorescence in skin biopsy specimens from the MD-EBS proband. In normal skin, bright linear staining was observed with monoclonal antibody HDl et al. 1991; Hieda et al. 1992 ) at the dermojunction (Fig. 3A) . In contrast, there was com sence of staining in the skin of the MD-EBS pa 3B). Because FiDI was reported to be of a simil ular weight to plectin (Owaribe et al. 1991; W 1991) and both proteins were known to local dermo-epidermal interface region (Nagle et al. postulated that FiDI and plectin might be id related proteins and so plectin expression wa gated in the patient's skin. In normal epidermis of the dermo-epidermal junction was observed plectin mAb 7A8 (Foisner et al. 1994) , simila seen with FiDI ( Fig. 3C) , but in addition, cy staining is also seen with 7A8, as reported p . Similarly, the dermo-epidermal junction and cytoplasm of epidermal keratinocytes is stained with antiplectin mAb 7AS (C), but in contrast this staining is absent in MD-EBS skin (D). (Seifert et al. 1992; Foisner et al. 1994 ). However, 7A8 staining was found to be completely absent in the skin of the MD-EBS patient (Fig. 3D ). Staining patterns obtained in skin sections from the patient using antibodies to other hemidesmosome antigens a6 and 34 integrins and BP180 appeared normal, although BP230 staining was slightly attenuated (not shown). The patient's keratinocyte cultures were established from skin biopsies with apparently normal efficiency and were negative by immunofluorescence with antibod ies to plectin and HDl (not shown). Because immunostaining may not identify antigens below a critical con centration, absence of the HDl antigen was confirmed by immunoprecipitation of [•^^S]methionine/cysteine-labeled keratinocyte extracts with anti-laminin 5, anti-integrin a6, and anti-HDl antibodies. The patterns for laminin 5 (data not shown) and integrin a6 were identi cal for both patient and control cells (Fig. 4) . No immunoprecipitate was obtained from patient cells using the anti-HDl antibody while multiple bands were precipi tated by anti-HDl antibodies from control cells (Fig. 4) . Similar results were obtained using anti-plectin mAb 7A8, confirming that HDl and plectin expression was absent in the patient (not shown). The reason for the presence of multiple bands in control cells is not clear, but they appear not to be attributable to degradation, as the profiles for laminin 5 (not shown) and integrin a6 (Fig. 4) precipitates consisted of distinct bands of the ex pected size.
Human plectin is encoded by a 14.8-kb mRNA
On the basis of the immunofluorescence results (Fig. 3) , we postulated that a molecular defect in the plectin gene . Normal (N) and patient's (P) keratinocytes were metabolically labeled with [-^^Slmethionine/cysteine. Protein ex tracts of the cells were immunoprecipitated separately with anti-HDl or anti-a6 integrin monoclonal antibodies, and equal amounts of radioactivity were applied to a 4% polyacrylamide gel. While both normal and patient's cells synthesized approx imately equal amounts of integrins containing the a6 subunit (a6p4 and a6pi), HDl could be immunoprecipitated only from normal cells. Relative molecular masses shown at liglit were deduced from markers included in the gel (not shown). Figure 5 . Cloning strategy used for the isolation and sequencing of the 14.8-kb human plectin mRNA and schematic representation of the deduced 518-kD protein. The domain designation as described for rat plectin (Wiche et al. 1991 ) is used, except at the amino terminus where additional sequences were found upstream of the putative initiation codon in the rat sequence. These additional sequences encode a domain with strong homology to the actin-binding domains of spectrin, actinin, and members of the dystrophin family (see Fig. 9 ). The protein consists of an amino-terminal actin-binding domain, globular domain, coiled-coil rod domain, and carboxy-terminal intermediate filament-binding domain.
might be the underlying cause of MD-EBS. A PCR-based cDNA cloning strategy was used to clone the entire 14.8-kb plectin mRNA (GenBank accession no. U53204) from human primary keratinocytes as outlined in Figure 5 . A number of human expressed sequence tags (ESTs) were identified by searching the EMBL data base with the rat mRNA sequence of Wiche et al. (1991) . Two of these, HSL13357 [the most 3' EST, which contained sequences in the predicted 3' untranslated region (UTR)] and HSXS165 (located ~1 kb 3' of the presumptive human translation termination codon), were used to design primers for reverse transcription (RT)-PCR ( Fig. 5 ) using human keratinocyte mRNA as template. A 400-bp PCR fragment within the HSXS165 EST was amplified from genomic DNA without intronic sequences and was used for isolation of genomic PI clones (below). A larger frag ment generated between the two ESTs was found to con tain an open reading frame (ORF), with a predicted trans lation of >90%, similar to rat plectin, and a termination codon and 3' UTR in the same position as the rat mRNA ( Fig. 6 ). Primers in this region were used for 3' RACE (rapid amplification of cDNA ends) PCR and led to iden tification of the polyadenylation signal and poly(A) tract (Fig. 6) . A series of cross-species PCR primers were designed across the rat mRNA and were used in combination with a long-range RT-PCR protocol developed using rat mRNA to generate four further sequence islands across the human mRNA, including the region close to the pre dicted initiation codon (Fig. 5) . The gaps between these islands were closed by RT-PCR using human-specific primers. RACE PCR was used to isolate the 5' end of plectin message, in combination with genomic sequenc ing. The ORF was found to continue upstream of the putative initiation codon in the homologous rat mRNA, and an out-of-frame ATG was detected in this region. Thus, the original assignment of the initiation codon in the rat mRNA appears not to be correct (Wiche et al. 1991) . A series of 5' RACE fragments extending 1.4 kb upstream of the putative ATG were generated and se quenced. The deduced amino acid sequence of the 518-kD human plectin protein, consisting of 4574 amino ac ids is shown in Figure 6 . One alternately spliced tran script was observed involving the exon 9-intron 9 junction, where an alternate 5' splice was used, leading to a deletion of 12 bp from exon 9 [ Fig. 6 ).
Plectin has a specthn-like actin-binding domain
The domain structure within the partial plectin se quence reported by Wiche et al. (1991) is well conserved between rat and human as shown in Figure 5 . We iden tified additional sequences upstream of the initiation codon suggested previously for the rat mRNA, which extend the ORF within the message by 1.4 kb. BLAST analysis (Altschul et al. 1990 ) of this additional sequence revealed high homology to the actin-binding domains of human p-spectrin, a-actinin, utrophin, and dystrophin (Fig. 7) . Plectin is therefore predicted to have an actinbinding domain situated at the amino terminus, analo gous to spectrin, dystrophin, and related proteins. Down stream of the actin-binding domain, homology to spec trin continued into the first spectrin repeat motif. This motif is also observed in varying numbers in a-actinin, utrophin, and dystrophin, but plectin only possesses one such sequence. Interestingly, the 12-bp deletion in the plectin splice variant observed (Fig. 6 ) leads to the dele tion of 4 amino acids from this less well-conserved re gion, so that this alteration might not be functionally important. Outside the actin-binding domain, compari- Figure 6. [A] The predicted sequence of 4574 amino acids comprising human plectin as deduced from the single ORF within the 14.8-kb mRNA (GenBank accession no. U53204). The calculated molecular mass is 51,7904 daltons.
[B] The sequence at the 5' end of the mRNA as determined by 5' RACE consists of a 51-bp UTR that contains an in-frame stop codon, indicating that this is a genuine UTR. (C) The 3' end of the mRNA as determined by 3' RACE consists of a 1026-bp UTR downstream of the TGA codon. Transcription was found to terminate 14 bp downstream of a canonical polyadenylation signal.
[D] One alternative transcript was detected in the course of cDNA cloning. Four amino acids (VRAN) are removed by splicing to an alternate 5' acceptor site 12 bp upstream of the exon 9-intron 9 border. These transcripts were present in approximately equal amounts in primary keratinocyte cDNA. Base numbers in B and C refer to the mRNA sequence; those in D refer to the genomic sequence.
son of rat and human sequences was possible. The overnomic clones (designated 9108-9110), each with an inall protein sequence identity was found to be 86%, with sert of -100 kb. PCR analysis revealed that all three a similarity value of 91%, taking into account conservaclones contained sequences from both 5' and 3' ends of tive amino acid substitutions. the plectin gene. Clone 9109 was used for all genomic rr^i. u 7 . n r. ^ sequencing. Direct sequencing was carried out with sevThe human plectm gene maps to 8q24 i ".. ^ . ^ -u^ ,. uj T ^ eral cDNA primers to obtain mtron-exon borders. Long-A short genomic PCR marker located within the range PCR was found to be highly efficient and specific HSXS165 region was used to isolate three human PI geusing PI DNA as template, and consequently, a series of Figure 7 . Alignment of the putative amino-terminal actinbinding domain of plectin with the analogous domains of p-spectrin (spcb), a-actinin 3 (aac3), and dystrophin (dmd). BLAST search using the amino-terminal 500 amino acids of human plectin revealed a high degree of homology to the aminoterminal actin-binding domains of spectrin, actinin, dystrophin, utrophin, and related proteins. The actin-binding domain was designated as residues 1-282 on the basis of homology to p-spectrin, to which plectin is most closely related. The consensus sequence shows only residues found in three or more of the proteins in the alignment.
large genomic PCR fragments v^ere generated and se quenced. The genomic organization of the human plec tin gene, designated PLECl (GenBank accession no. U53834), is shown in Figure 8 . A TATA-like sequence was found 29 bp upstream of the 5' end of the mRNA as determined from 5' RACE, thus confirming that this is likely to be the transcription initiation site. Similarly, the 3' extent of the mRNA ends 14 bp downstream of a polyadenylation signal. The gene is contained in -26 kb of genomic DNA in 33 exons, 2 of which are unusually large (Fig. 8) . PI DNA from clone 9109 was used for fluorescence in situ hybridization (FISH) analysis and gave a strong fluorescence signal with negligible back ground staining. By this means, the plectin locus was sublocalized to the telomere of the long arm of chromo some 8, corresponding to band 8q24 as shown in Fig  ure 9 .
Homozygous frameshift mutation in the plectin mRNA in MD-EBS
The entire plectin coding sequence was amplified by RT-PCR from mRNA derived from epidermal keratinocytes of the affected individual, in similar fragments to those generated for the original cDNA strategy (Fig. 5) , and were directly sequenced. The MD-EBS patient was found to be homozygous for three intragenic polymor phisms, whereas the unaffected parents and sibling were heterozygous (data not shown). A homozygous deletion of 8 bp (5148del8; mRNA sequence, GenBank accession no. U53204) in exon 32 of the plectin gene was detected in the patient's cDNA (Fig. 10) . This mutation leads to a premature TGA termination codon 42 bp downstream and predicts termination of protein translation within the R2B subdomain. Using a genomic PCR in the region, both parents were found to be heterozygous for this mu tation, as was the unaffected younger sibling, consistent with the linkage data. This mutation does not alter any known restriction site, but the deletion was excluded from 20 normal unrelated individuals by sequencing of genomic PCR products (not shown). The mutation oc curred in a sequence where the 8-bp segment GGCGCGGC is tandemly repeated, suggesting a slipped mispairing mechanism of deletion (Krawczak and Coo per 1991) .
Discussion
Loss of plectin expression leads to MD-EBS
Plectin is a member of a group of structurally and im munologically related intermediate filament-associated proteins, which includes BP230, desmoplakin, and IFAP300 (Wiche et al. 1991; Green et al. 1992; SkaUi et al. 1994) . These high molecular weight proteins are thought to share similar functions in that they are in volved in the anchorage of cytoskeleton to transmem brane complexes. Plectin is also found in muscle, where it associates with the sarcolemma, and is a component of the hemidesmosome in basal keratinocytes (Errante et al. 1994; Nagle et al, 1995) . In this paper we report the sequence of the human plectin mRNA and the plectin gene (PLECl) and show that a homozygous premature termination codon muta tion in the plectin gene leads to the MD-EBS phenotype through loss of plectin protein expression. The mutation is predicted to truncate the protein in the central rod domain so that the putative intermediate filament-bind ing domain at the carboxyi terminus is lost completely. This premature stop codon is likely to destabilize the 14.8-kb plectin mRNA so that even the truncated trans lation product may be undetectable (Cooper 1993; Cui et al. 1995) . This suggests that the patient in this study represents a natural knockout and indicates that plectin plays a critical role in maintenance of the structural in tegrity of the basement membrane zone in the skin. We also show that plectin has an amino-terminal actin-binding domain that is highly homologous to spectrin and a-actinin, placing this protein in the dystrophin family of proteins, which are involved in the linkage of the mus cle cytoskeleton to the sarcolemma, consistent with the myopathic aspect of the MD-EBS phenotype.
A frameshift in the plectin gene leads to loss of HDl
Given that plectin and the HDl molecule are of very similar molecular weight (Owaribe et al. 1991 Figure 10 . Homozygous frameshift mutation in the MD-EBS patient (individual III-3, Fig. 1) . {A] Direct sequencing of RT-PCR-amplified fragment of plectin mRNA derived from the pa tient's cultured keratinocytes shows a homozygous 8-bp dele tion mutation, designated 5148del8 (numbers refer to the mRNA sequence, GenBank accession no. U53204). The muta tion is the excision of a repeat sequence GGCGCGGC, which occurs twice in the normal sequence.
[B] Direct sequencing of the analogous RT-PCR fragment amplified from keratinocyte mRNA derived from a normal individual, (C) Direct sequencing of the analogous PCR fragment amplified from genomic DNA obtained from the carrier father of the proband (individual II-8, Fig. 1 ) produces overlapping sequences following base number 5148, showing that this individual is heterozygous for the dele tion mutation. A similar result was obtained for the clinically unaffected mother and sister of the proband (not shown).
al. 1991), the complete absence of HDl (Owaribe et al. 1991) and plectin immunoreactivity (mAb 7A8; Foisner et al. 1994) in the MD-EBS patient suggests that these antigens might be one and the same. However, the stain ing pattems observed here with the two antibodies HDl and 7A8 are clearly different ( Fig. 3 ; see also Hieda et al. 1992; Seifert et al. 1992) , although both stain the dermoepidermal junction. It is also possible that HDl is a dif ferent 500-kD antigen to plectin but one with expression or assembly in the hemidesmosome complex that is de pendent on plectin. Alternatively, HDl and 7A8 might recognize distinct epitopes on the plectin molecule and that the HDl epitope is conformation dependent, ex posed only when plectin interacts with other hemidesmosomal components; or the HDl epitope could be spe cific to an alternatively spliced or post-translationally modified form of plectin that is involved only in hemidesmosome interactions.
PROSITE analysis of the plectin polypeptide revealed a large number of potential modification sites (not shown), and evidence for one alternative transcript was also noted during the cloning and sequencing of plectin (Fig.  6) . Furthermore, multiple bands were observed in the immunoprecipitation experiments using HDl (Fig. 4) , and similar results were obtained with immunoprecipi tation experiments using mAb 7A8. The observations are consistent with the existence of different isoforms of plectin, although there might be high molecular weight proteins that coprecipitate with plectin. Further analysis of these bands by peptide mapping or immunoblotting experiments with further plectin antibodies and produc tion of specific antibodies against the peptides encoded by the splice variants is required to clarify whether HDl is a specific plectin epitope or represents a different gene product.
Plectin contributes to epidermal and muscle integrity
The carboxy-terminal domain of plectin has sequence homology to the intermediate filament-binding domains of desmoplakin and BP230 and has been shown experi mentally to be involved in intermediate filament inter action (Wiche et al. 1993) . The loss of plectin from the hemidesmosomes in MD-EBS correlates well with the skin fragility aspect of the disorder, as the level of blis tering is within the basal cell compartment of the epi dermis in the region where the keratin K5/K14 filament network makes contact with the hemidesmosome (Fig.  2) . Recently, the molecular basis of two other subtypes of EB have been uncovered where epidermal fragility is caused by the failure of other hemidesmosome compo nents. These have been classified as GABEB, because of mutations in the BP180 gene (McGrath et al. , 1996 , and EB-PA caused by mutations in the gene encoding integrin (34 (Vidal et al. 1995) . Ablation of the hemidesmosomal inner plaque protein BP230 in mice produces a phenotype of skin fragility and neuromuscular disease (Brown et al. , 1995 Guo et al. 1995) . Like those seen in the MD-EBS patient here (Fig. 2) , the hemidesmosomes in these mice lacked the inner plaque and demonstrated a complete separation of the hemidesmosomes from the intermediate filament network. Interestingly, other known hemidesmosome components, including HDl and p4 integrin, appeared undisturbed by the ablation of BP230, suggesting that the remaining hemidesmosome components are unable to maintain the interaction with the intermediate filament network. Taken with the findings reported here, it ap pears that although BP230 and plectin are reported to bind intermediate filaments, both proteins are required for correct hemidesmosome-keratin attachment.
The sequence similarity of plectin to dystrophin and related actin-binding proteins (Fig. 7) , the muscle degen eration produced through ablation of plectin as described here, and immunolocalization of plectin to the sarcolemma (Foisner et al. 1994) point to an essential role for plectin in normal muscle function. The exact nature of this role is uncertain, but it is possible that plectin is involved in the connection of the actin and/or interme diate filament cytoskeletal systems of muscle to the sarcolemma, in a manner analogous to the model proposed for dystrophin (Campbell 1995) . In epidermis, the essen tial function of plectin appears to be that of connecting the K5/K14 cytoskeleton to the hemidesmosome, and it seems likely that this multifunctional protein is per forming a similar role in muscle. However, it is unclear as to whether it is (1) loss of intermediate filamentmembrane connection (perhaps desmin-membrane in teraction), or (2) actin-membrane connection (similar to dystrophin), which leads to muscle fiber fragility and MD in MD-EBS. Further ultrastructural analysis of plec tin expression in muscle by means of immunoelectron microscopy and biochemical analysis of the interaction of plectin with components of the muscle cytoskeleton and sarcolemma is essential to clarify how loss of plectin leads to MD in humans.
Materials and methods
Clinical material and diagnosis
A diagnostic skin biopsy from the proband at 16 years of age was performed at the National EB Registry Northeast Clinical Site at the Rockefeller University Hospital (New York, NY). Karyo type analysis revealed no chromosomal abnormalities. Subse quently, as part of this study, skin biopsies were obtained from the proband and the family members for cell culture. DNA was isolated from peripheral blood samples from the proband, his sister, and both parents by standard techniques.
Keiatinocyte cultures
Normal human keratinocytes were isolated from neonatal fore skin as described previously (Marinkovich et al. 1993) , and ke ratinocytes were isolated from the patient's skin under identical conditions. Isolated cells were cultured for the first passage in keratinocyte growth medium (KGM, Clonetics Co.), frozen, and stored in liquid nitrogen. Thawed cells were cultured through a second cell division in MCDB 153 medium, supplemented with 10 jJLg/ml of epidermal growth factor (EGF), 5.0 [ig/ml of insu lin, 5.0 JJLg/ml of transferrin, 25 |xg/ml of bovine pituitary ex-tract, 50 U/ml of penicillin, and 50 |xg/ml of streptomycin (Marinkovich et al. 1993) . The cells at second or third passage were used throughout this study.
Indirect immunofluoiescence
Indirect immunofluorescence was performed using anti-keratin 14 (Novacastra Laboratories, Newcastle-upon-Tyne, UK), antiinvolucrin (SYS) (Hudson et al. 1992) , anti-type VII collagen (NP185) (Sakai et al. 1986 ) antibodies, and monoclonal antibody HD121 against HDl (Owaribe et al. 1991; Hieda et al. 1992) . Monoclonal antibody to plectin (7A8) and FlTC-conjugated sec ondary antibody were purchased from Sigma. Immunoprecipitation of P^S]methionine/cysteine-labeled keratinocyte pro teins was performed as described previously (Marinkovich et al. 1992) .
Escherichia coU strain NS3529 (cre-h) were isolated and desig nated 9108-9110, all of which were probed by PCR and found to contain sequences from both the 5' and 3' ends of the plectin cDNA. Restriction digests of the three clones showed that these overlap considerably (not shown). PI clones were transferred into the ere-E. coh strain DHIOB for propagation at a high copy and for improved sequencing template as recommended by Genome Systems. Briefly, this was carried out by production of a transducing phage by infecting the NS3529 clones with Plvirphage, recovering the PI virus and subsequent transduc tion into DHIOB, according to the Genome Systems protocol. Sequencing quality plasmid was prepared from 4x 30-ml cul tures per clone, according to the Genome Systems plasmid prep aration, except that spot dialysis of the purified plasmid was found not to improve the quality of direct sequencing signifi cantly.
cDNA synthesis
Poly(A)^ mRNA was extracted directly from pelleted human keratinocytes (~2 x 10^ cells per preparation) using the Quickprep Micro mRNA purification kit (Pharmacia) according to the manufacturer's protocol. mRNA was stored in 80% ethanol at -80°C until use. Rat epidermal mRNA was extracted by the same method directly from 10-12 cryostat sections, each 35 |xm thick. For reverse transcription, mRNA (equivalent to ~5x 10^ cells) was recovered by precipitation, resuspended in 5 |xl of DEPC treated HjO containing 40 units of RNAsin (Boehringer) and 1 |xl of a 1-mg/ml solution of oligo[dT(i8_20)l (Pharmacia), and heated to 70°C for 5 min. The mixture was cooled to 42°C and 13 [xl of prewarmed reverse transcription mix was added (containing 4 fjil of 5x AMV-RT buffer, 1 |xl of 20 mM dNTP, and 8 units of Promega AMV-RT). Following a 1-hr incubation at 42°C, the reaction was heated to 70°C for 5 min, cooled to 42°C, an additional 8 units of AMV-RT was added, and the reaction incubated for 1 hr at 42°C. The resultant cDNA was used for PCR (0.5 | JL1 per reaction). This two-stage incubation was found to greatly enhance reverse transcription of the 14-kb plectin message. In some cases, internal plectin-specific primers were used for reverse transcription, at a concentration of 50 nmoles per 20 yA reaction; however, PCR amplification of 5' regions of the plectin message from oligo(dT)-primed cDNA was possible.
Polymerase chain reaction
Initially, PCR was performed on rat epidermal cDNA using primers designed from the published rat mRNA sequence (Wiche et al. 1991) . Many regions of the plectin mRNA (mainly in the 5' half of the message) were found to amplify poorly or not at all using Taq polymerase, presumably because of the highly repetitive and GC-rich nature of the sequence. This was overcome using Boehringer Expand Long Range and Expand High Fidelity enzyme mixtures (0.25 [xl per 50-|xl reaction) and the following extended program: 94°C for 2 min x 1; 94°C for 10 sec, 50-60°C for 30 sec, 68°C for 3 min xIO; 94°C for 10 sec, 50-60°C for 30 sec, 68°C for 3 min -I-20-sec increment per cycle X15-25; 72°C for 10 min x 1. This program was used to amplify fragments of 500-1000 bp, and for larger fragments (up to 6.5 kb) the extension time was increased to 8 min and 0.75 | JL1 of en zyme mix used.
Isolation of PI genomic clones
A 400-bp PCR derived from EST HSXSI65 was used to screen a human genomic library (Genomic Systems). Three PI clones in
DNA sequencing
Fluorescent dye-terminator sequencing was performed using the ABI PRISM Ready Reaction kit (Perkin-Elmer) according to the manufacturers recommendations, and sequencing ladders were analyzed on an ABI 373 automated sequencer. PCR prod ucts were purified for sequencing using the QlAquick PCR pu rification kit (Qiagen) and -25-50 ng used per sequencing re action for fragments in the size range 500-1000 bp; 50-100 ng for fragments of size 1000-2000 bp; and 100-150 ng for frag ments >2000 bp. For direct sequencing of PI clones 1.2 ixg of plasmid was used per reaction.
RACE
Both 5' and 3' RACE reactions were carried out using the Mar athon cDNA Amplification Kit (Clontech). Adaptor-ligated double-stranded-cDNA was prepared from primary kerati nocyte poly(A)^ mRNA, according to the Clontech protocol. Nested PCR was initially performed using Expand Long Range thermostable polymerase mix (Boehringer) using the conditions described above. The resultant products were gel purified using the QIAEXII gel extraction kit (Qiagen) and directly sequenced.
DNA and protein sequence analysis
Oligonucleotide primers for PCR and sequencing were designed using OLIGO 4.0 (National Biosciences, Inc.). DNA and pre dicted protein sequences were compiled, translated, and com pared using the Genetics Computer Group (GCG) package (ver sion 8, August 1994, Genetics Computer Group, Madison, WI). Sequence comparisons were performed using the GAP function within GCG. Data base searching was performed using the Ba sic Local Alignment Search Tool (BLAST) program (Altschul et al. 1990 ). GCG and BLAST were accessed on-line via The Med ical Research Council's Human Gene Mapping Project (Hinxton Hall, Cambridge UK).
Fluorescence in situ hybridization (FISH)
Metaphase chromosomes were prepared from normal human lymphocytes using standard techniques. PI DNA was labeled by nick translation with the BioNick labeling system (BRL). Biotin-labeled PI DNA (250 ng) was used as probe. Pretreatment, hybridization, and washing of slides were performed as described previously (Veronese et al. 1995) . Slides were analyzed with a Leitz fluorescence-equipped microscope, and images were acquired with a cooled CCD camera (Princeton Instru ments) and IP-Lab Spectrum software (Signal Analytics). More than 20 DAPI-stained metaphases were analyzed to verify the locahzation of the probe.
